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We present the mechanical squeezing of a mg-scale suspended mirror (i.e. a pendulum) near
quantum regimes by continuous linear position measurement. The experiment involved the pendu-
lum interacting with photon coherent fields in a detuned optical cavity. The position uncertainty
in the measured data is reduced and squeezed to 230 times the zero-point amplitude xzpf with a
purity of about 0.001, by means of optimal state estimation through causal Wiener filtering. The
purity of the squeezed state is clearly maximized by the Wiener filter, based on precisely identi-
fied optomechanical parameters. This is the first step for measurement-based quantum control of
macroscopic pendulums, e.g. generation of an entanglement state between macroscopic pendulums.
Such quantum control will provide a direct insight into the quantum to classical transition and will
pave the way to test semiclassical gravity and gravity sourced by macroscopic quantum oscillators.
Introduction.— The investigation of continuous linear
position measurements of macroscopic objects has been
mainly motivated by the direct detection of gravitational
waves [1, 2], and in the context of cavity optomechanics
[3]. This research established a standard quantum limit
(SQL) for continuous position measurements [4, 5], where
shot noise and quantum back-action noise contribute
equally. Such sensitive and strong measurements allow
measurement-based quantum control of macroscopic ob-
jects e.g. ground state cooling [6, 7] and generation of
entanglement [8–11], since correlations are built up be-
tween the mechanical objects and the measuring devices
via quantum back-action. As measurement strength in-
creases, e.g. by enhancing the mechanical quality factor
[12–15], unexplored phenomena such as gravity decoher-
ence [16–19], semiclassical gravity [20–22], and fifth forces
[23–25] can be tested with quantum controlled oscillators.
One of the most challenging attempts is the measurement
of gravity sourced by quantum oscillators in order to test
the quantum nature of gravity [26–30]. However, quan-
tum states of sufficiently massive oscillators to be used
as gravity source masses have yet to be realized.
Recently, Chao et al. [31] have revealed that even
with a weak measurement not reaching the SQL, me-
chanical quantum squeezing can persist based on an op-
timal state estimation through causal Wiener filtering
[32], which minimizes the mean-square estimation error
for position monitoring. The optimal estimation condi-
tionally reduces the uncertainty in the measured data
and eventually prepares the quantum state, even out-
side the quantum back-action dominated regime. While
in [31], Chao et al. consider an optomechanical system
consisting of an optical cavity on resonance and a me-
chanical oscillator, here we take into account a detuning
from resonance. A detuned cavity allows us to optically
trap a mechanical oscillator of low rigidity (e.g. a sus-
pended mirror, i.e. a pendulum) with an optical spring
[12, 33, 34] so as to increase quantum coherence time
sufficiently [35] and monitor its position via direct photo
detection.
In this Letter, we derive the analytic solution of the
causal Wiener filter for a detuned cavity. We further
present the squeezing for the center-of-mass of an opti-
cally trapped mg-scale pendulum (resonance at 280 Hz)
near quantum regimes, by applying the Wiener filter to
our previous result of the position measurement for grav-
ity sensing [36]. The estimated position (momentum) un-
certainty is 230 (14400) times the zero-point amplitude
xzpf (pzpf), leading to a purity of about 0.001. This is, to
the best of our knowledge, the first demonstration of me-
chanical squeezing of a macroscopic pendulum, which will
lead to test semiclassical gravity due to its low resonance
frequency [22]. In addition, since the mg scale is close
to the smallest mass scale ever used as a gravity source
mass [37, 38], and is in principle measurable [36, 39], our
demonstration will pave the way for a new class of exper-
iments where gravitational interaction between massive
oscillators in quantum regimes can be achieved.
Model and Wiener filter.—We consider a detuned cav-
ity comprised of a pendulum of mass m under feedback
cooling as shown in Fig. 1 (a). Laser light enters the
cavity and receives an intensity shift proportional to the
mechanical position, which is read out via direct photo
detection and fed back to the pendulum for cooling [40].
We analyze the following linearized Hamiltonian in a ro-
tating frame at the laser frequency ωL
H =
~Ω
4
(q2 + p2)− ~∆
4
(x− iy)(x+ iy) + ~gxq. (1)
Here, ~ is the reduced Planck constant, ∆ is the detuning
of the optical cavity, Ω/2pi is the bare mechanical reso-
nance frequency, x (y) is the dimensionless amplitude
(phase) quadrature of the light, and q (p) is the dimen-
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FIG. 1. (Color online) (a) Experimental setup. Inside the vacuum chamber of 10−5 Pa, a five-stage vibration isolation is
installed with monitors for laser stabilization and the cavity being fixed to a maximally isolated stage. The configuration
of the three mirrors can stably trap the mirror’s motion [43]. (b) Photograph of the cavity. (c) Optomechanical interaction
characterized by the optical spring effect. The result analyzed by the frequency counting (red) is given by the main data and
the result analyzed by the transfer function (cyan) is given by the auxiliary measurement. The resonance frequency from the
auxiliary data is multiplied by a factor of about 3 for compensating the difference of the laser power to the main measurement.
The fitting shown here is performed to the main data. Inset shows the open loop transfer function for the optical spring.
sionless position (momentum) of the mechanical oscilla-
tor. g ≡ G√nc
√
~/2mΩ is the light-enhanced optome-
chanical coupling constant [41], where G is the optical
frequency shift per displacement, and nc is the number
of photons circulating inside the cavity.
Under the bad cavity limit (κ≫ ω) with small detun-
ing ∆≪ κ, we have the following equations by adiabati-
cally eliminating the cavity mode
q˙ = ωmp
p˙ = −ωmq − γmp+
√
2γmpin − 4gm√
κ
xin +
8gmδ√
κ
yin
X = −8gmδ
√
η√
κ
q −√ηxin + 4δ√ηyin. (2)
Here, κ is the optical decay rate, ωm is the mechanical
resonance confined in the optical potential, γm is the me-
chanical decay rate under cooling, and gm ≡ g
√
Ω/ωm =
G
√
ncxzpf is the coupling constant for the confined mode.
Further, δ ≡ ∆/κ is the normalized detuning, X is the
measured optical amplitude quadrature with the detec-
tion efficiency η, and xin and yin (pin) refer to the optical
(mechanical) noise input. Note that q (p) is renormal-
ized by a factor of
√
Ω/ωm (
√
ωm/Ω) to take the optical
spring into consideration.
We solve Eqs. (2) via Fourier transforming with the
convention F (ω) =
∫
∞
−∞
f(t) exp(iωt)dt, in the steady-
state. In an analogous manner to [31], the causal Wiener
filter for the position estimation is given by
Hq(ω) = A(1 − iBω)χ′ (3)
where χ′ = 1/(ω′2 − ω2 − iωγ′) is a modified me-
chanical susceptibility, with a resonance of ω′ ≃
(32nthCγ
2
mδ
2ω2m/Nth + (32g
2
mδωm/κ)
2)1/4 and a decay
rate of γ′ ≃ (32δg2mωm/κ + 2ω′2)1/2. Here, we intro-
duced the optomehanical cooperativity C ≡ 4g2m/γmκ,
which characterizes measurement strength [3]. A ∼
−16gmω2mδ
√
η/κ(8g2m/κ+ γm(2nth+1)/(2Nth+1))/ω
′2
and B ≃ (γm+γ′)/(ω′2−ω2m) are frequency independent
coefficients. Compared to the result for a tuned cavity
[31], our result shows the same structure: a combination
of χ′ and its time-domain derivative given by −iωχ′, with
different parameters. The difference is, roughly speaking,
the factor of δ, reflecting the difference in the signal ac-
quisition.
System characterization.— Here, we briefly summarize
the optomechanical parameters. The optical ring cavity
with a cavity decay rate of κ = 2pi × 1.64(2) MHz con-
sists of a 7.71(1) mg suspended mirror (measured by an
accurate electronic balance: AND, BM-5), a 261.42(1) g
suspended mirror, and a mirror fixed to a copper mono-
lithic holder with its fundamental resonance of about 10
kHz, as shown in Fig. 1 (b). The bare mechanical dissipa-
tion for the mg pendulum (Γ) and the massive pendulum
are Γ = 2pi×4.74(5)×10−5 Hz and 2pi×1.5×10−4 Hz, re-
spectively. Note that the dissipation of the mg pendulum
shows a frequency dependence of Γ(ω) ∝ Γ(Ω)× Ω/ω in
[36]. This characteristic is referred to as structural damp-
ing [42]. We can ignore the dynamics of the massive and
the fixed mirrors because both mirrors have sufficiently
small optomechanical coupling and amplitudes of Brow-
nian motion at around the measurement bandwidth from
100 Hz to 10 kHz as reported in [36].
Laser light (Coherent, Mephisto 500) was injected into
the cavity, and the reflected light was directly detected by
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FIG. 2. (Color online) (a) The calibrated raw data (blue)
and the bandpass filtered data from 170 Hz to 360 Hz (red).
(b) Variation of the resonance over time. The red dots are
obtained by the frequency counting from the bandpass filtered
data. The models are calculated by applying the raw data to
the equation of the optical spring for the small detuning (blue)
and the large detuning (black), respectively.
a photo-detector (HAMAMATSU, G10899-03K) of 92(2)
% efficiency. The efficiency was inferred by characteri-
zation of the optical spring as will be explained in the
next paragraph and its error includes both the error of
the resistance in a current to voltage converter, and of
the incident laser power.
In order to characterize the optomechanical interac-
tion, we measure the transfer function for the optical
spring effect with varying detuning (the inset of Fig. 1
(c)). This auxiliary measurement was performed with a
relatively small incident laser power of 3 mW compared
to the main measurement of 30 mW as detailed in the
next paragraph. Thus, we show the result compensated
for the power difference by multiplying the measured res-
onance by the square root of the power ratio, as shown
in Fig. 1 (c) as cyan. We infer the frequency shift per
displacement G to be −2pi× 4.72(3) PHz/m and the effi-
ciency from the fitting of the measured resonance to the
theory, given by [45]
ωm =
√
8~G2ncδ/(1 + 4δ2)/κm (4)
Main data in the time domain.— The main data was
measured with an incident laser power of 30 mW and
it is calibrated to displacement (the calibration factor
is −2.3(4) × 10−10 m/V) based on a transfer function
analysis [36, 40, 44]. The cavity length was detuned from
resonance such that the pendulum’s resonance (ωm/2pi)
increases to 280(7) Hz, leading to a mean value of the
detuning of roughly 0.03 × κ or 1.2 × κ, because of the
nonlinearity in Eq. (4) with respect to the detuning.
To precisely determine the detuning based on the op-
tical spring effect, we analyze the variation of the pen-
dulum’s resonance over time. As shown in Fig. 2 (a),
the calibrated raw data is bandpass filtered around the
resonance from 170 Hz to 360 Hz, and then the number
of zero crossings are counted. Next, the analyzed reso-
nance is low pass filtered with a cutoff frequency of 8.2
Hz, and divided into 25 time bins. The result agrees well
with the theoretical model for small detuning, as shown
in Fig. 2 (b). The models are calculated by substitut-
ing the displacement multiplied by G for the variation
of the detuning in Eq. (4), for the cases of small and
large mean-detuning. The result of the counting is fur-
ther divided into three bins, for the value of the detun-
ing, and then averaged for each bin. From the fitting of
the averaged data to the theoretical model as shown in
Fig. 1 (c), a mean value of the detuning is determined to
be ∆ = 0.0292(4)× κ. Correspondingly, the number of
photons in the cavity is determined to be 1.16(7)× 1010,
leading to a light-enhanced optomechanical coupling con-
stant gm of −2pi × 3.2(2)× 104 Hz.
In addition to the optical spring, we apply active feed-
back cooling to the system to prevent the instability
caused by the negative damping of the optical spring [45].
The quality factor (≡ ωm/γm) is controlled to be 250(13).
The temperature for the confined mode is 11(2) mK (cor-
respondingly the phonon number is 8.0(1.8) × 105) cal-
culated from the variance in the measured data. There-
fore, we obtain a quantum cooperativity (≡ C/nth) of
0.0027(8). Here, we should note that the temperature
for the confined mode is relatively high compared to the
theoretical prediction given by TΓ(ωm)/γm, where T is
the room temperature. This is mainly due to fluctuations
of the resonance, namely, the detuning as shown in Figs.
2 (a) and (b). As a result, the quantum cooperativity
decreases by a factor of 10. Additionally, it decreases by
a factor of 4 due to mode mixing between the pendulum
mode and the dissipative pitching mode [36]. Also, the
signal is contaminated by laser classical noise [36], whose
contribution can be modeled as Nth = 19.
TABLE I. Optomechanical parameters
Parameter Value
Mass m = 7.71(1) mg
Cavity decay rate κ = 2π1.64(20) MHz
Cavity detuning ∆ = 0.0292(4) × κ
Circulating photon number nc = 1.17(6) × 10
10
Frequency shift per displacement G = −2π4.72(3) PHz/m
Light-enhanced coupling gm = −2π3.2(2) × 10
4 Hz
Phonon occupancy nth = 8.0(1.8) × 10
5
Quantum cooperativity Cq = 0.0027(8)
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FIG. 3. (Color online) Power spectrum normalized by the zero-point amplitude (a) showing the displacement signal (gray)
transformed from the data shown as the blue line in Fig. 2 (a), the Wiener-filter predictions (green), and the difference (blue).
Plot (b) shows the momentum signal (gray), the predictions (green), and the difference (blue). Plot (c) shows the cospectrum
between the residuals of the position and the momentum. Plot (d) shows the realized squeezed state (blue) and the theoretical
prediction (red) in the phase space. Plot (e) shows the dependence of the purity of the squeezed state on the optical (∗) or
mechanical (×) noise parameters in the Wiener filter. The blue data in (d) corresponds to the pentagram (⋆) in (e).
The optomechanical parameters for the optimal state
estimation are summarized in Table 1.
Mechanical squeezing and discussions.— In order to
perform optimal state estimation with the causal Wiener
filter (Eq. (3)), the raw data is converted into the ampli-
tude quadrature and then Hilbert transformed for causal
analysis. The obtained analytic signal is further Fourier
transformed with a resolution of 10 Hz and multiplied by
the Wiener filter. By subtracting the Wiener-filter pre-
diction from the measurement signal (calibrated from the
transfer function), the uncertainty about the mechanical
state is reduced and squeezed. The parameters in the sus-
ceptibility of the Wiener filter are given by ω′ = 2pi×706
Hz and γ′ = 2pi × 1080 Hz. As for the frequency inde-
pendent coefficients, we find A = 1.2 × 106 Hz1.5 and
B = 4.1× 10−4 Hz−1.
Fig. 3 (a) shows the normalized spectra of the mea-
sured signal (gray), the Wiener-filter prediction (green),
and the difference between them (blue). Note that the
raw data was notch filtered to reject 50 Hz harmonics
from the power supply. The analogous estimation is per-
formed for momentum with the replacement Hq → Hp,
which is given by
Hp(ω) = −AB
ωm
(
ω2m + iω
ω′2 − ω2m
γ′ + γm
)
χ′. (5)
Fig. 3 (b) shows the result for the momentum estima-
tion (measured signal: gray, estimation: green, differ-
ence: blue). We calculate the correlation between the
position and the momentum as shown in Fig. 3 (c).
By integrating these power spectra from 105 Hz to
(ω′ + γ′)/2pi, we obtain a covariance matrix (V) with di-
agonal elements of 570 and 14000, and non-diagonal ele-
ments of 2160. This leads to the squeezed state (squeez-
ing of 230, anti-squeezing of 14400, squeeze angle of 9
degrees, and purity (≡ 1/
√
|V|) of 5.5× 10−4) shown as
a blue ellipse in Fig. 3 (d). Because the optical quadra-
tures are coupled for a detuned cavity in Eq. (2), a finite
squeezing angle will happen even under strong measure-
ment (Cq > 1).
To check the validity of our analysis, we compare the
result to the analytical prediction shown as a red ellipse
in Fig. 3 (d). Although, in terms of purity, the measured
data shows about 20% degradation from the theoretical
prediction due to excess noise, it agrees well with the
theory. We should note here that the purity is increased
by a factor of 3 by the notch filtering. To further check
the validity of the Wiener filter, Fig. 3 (e) shows the
dependence of the purity of the squeezed state on the
optical or mechanical noise parameters in the Wiener fil-
ter. The purity is calculated as the optical (mechani-
cal) noise parameter is varied from Nth/10 (nth/10) to
Nth × 10 (nth × 10) while the other parameters are fixed
to the optimal ones. The Wiener filter for our specific
experiment clearly maximizes the purity at the identified
5noise level (pentagram symbol).
Our demonstration is the first step for generating en-
tanglement states between massive oscillators [8–11], es-
pecially for optically trapped pendulums. To achieve
this, the purity must be increased close enough to unity,
in other words, the sensitivity of the measurement has to
reach SQL. We recently reported a monolithically man-
ufactured pendulum with lower dissipation that can sat-
isfy this requirement [14]. Thus, the combination of the
low-dissipative oscillator and the mechanical squeezing
reported here, will result in the generation of an entan-
gled state of mg-scale pendulums, which can be used to
probe, e.g. quantum decoherence of macroscopic objects
involving gravitational effects.
Conclusion.— We analytically derived the causal
Wiener filter for a detuned optical cavity, and we showed
the precise identification of the optomechanical parame-
ters for the specific experiment, primarily based on the
characterization of the optical spring effect. The Wiener-
filter predictions conditionally squeezed the uncertainty
in the measured displacement signal down to 230xzpf,
close to the quantum vacuum fluctuations. The Wiener
filter using the precisely determined parameters allows
us to maximize the purity of the mechanical squeezed
state. The mechanical squeezing presented here is the
first step for quantum control of macroscopic oscillators,
especially in entanglement generation between optically
trapped pendulums, aiming towards the probing of unex-
plored phenomena such as gravity decoherence and semi-
classical gravity.
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